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Abstract
Carbon nanotubes (CNTs) are often used as conductive fillers in composite materials, but electrical conductivity is limited by
the maximum filler concentration that is necessary to maintain composite structures. This paper presents further
improvement in electrical conductivity by precipitating gold nanoparticles onto CNTs. In our composites, the concentrations
of CNTs and poly (vinyl acetate) were respectively 60 and 10 vol%. Four different gold concentrations, 0, 10, 15, or 20 vol%
were used to compare the influence of the gold precipitation on electrical conductivity and thermopower of the
composites. The remaining portion was occupied by poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate), which de-
bundled and stabilized CNTs in water during synthesis processes. The concentrations of gold nanoparticles are below the
percolation threshold of similar composites. However, with 15-vol% gold, the electrical conductivity of our composites was
as high as ,66105 S/m, which is at least ,500% higher than those of similar composites as well as orders of magnitude
higher than those of other polymer composites containing CNTs and gold particles. According to our analysis with a
variable range hopping model, the high conductivity can be attributed to gold doping on CNT networks. Additionally, the
electrical properties of composites made of different types of CNTs were also compared.
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Introduction
Carbon nanotubes (CNTs) have been considered as promising
candidates for various applications including field effect transistors
(FETs) [1,2], touch screens [3,4], field emission displays (FEDs)
[5,6], and solar cells [7–9] due to their outstanding electrical
properties. Recently, CNTs were used as fillers in polymer
composites and their electrical conductivities were orders of
magnitude higher than other polymer composites with conductive
fillers [10–14]. It has been shown that the electrical conductivity
can be dramatically increased as a function of nanotube loadings
in the composites. The highest electrical conductivity was obtained
with 60 wt%, but the conductivity was decreased with composites
containing CNTs more than 60 wt% [14]. The reduction in
electrical conductivity is due to CNT aggregations caused by the
insufficient amount of dispersants (which cannot be increased due
to high CNT loadings). The optimum ratio of CNT to stabilizer
for high electrical conductivity was found to be 3:2. This means
that the maximum CNT concentration should not be larger than
60 wt% for improving conductivity.
In this work, we demonstrate that nanoparticles can be
incorporated on nanotube surfaces in order to further improve
the electrical conductivity of nanocomposites. This also provides
the influence of spherical-shape metal nanoparticles on the
electrical conductivity of polymer composites. Nanoparticles can
be precipitated on nanotubes by galvanic displacement or
reduction potential differences between nanotubes and nanopar-
ticles [15]. When nanoparticles are precipitated on nanotubes,
charge transfer between them occurs, altering electrical transport
properties of the nanotubes. Such property changes are similar to
semiconductor doping with an acceptor impurity. For conve-
nience, we shall therefore refer to the nanoparticle precipitation
process as ‘doping’. In this paper, we particularly studied the
influence of gold nanoparticle incorporation into CNT-filled
composites on their electrical properties.
The electrical properties were measured with three different
gold concentrations, 10, 15, or 20 vol%, in order to identify the
effect of p-type doping on the conductivity, dispersion, and
microstructure of the resulting composites. The maximum
electrical conductivity was measured to be ,66105 S/m with
60 vol% of single wall carbon nanotubes (SWCNTs) and 15 vol%
of gold nanoparticles. This electrical conductivity is orders of
magnitude higher than those of other polymer composites with
comparable concentration of gold nanoparticle (1024,102 S/m)
[16–18]. With the variable range hopping model, the effect of p-
type doping was also analyzed. Furthermore, composites contain-
ing different type CNTs were also synthesized, and their electrical
properties and microstructures were presented in the following
sections.
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Results and Discussion
All samples contain 60-vol% CNTs and 10-vol% PVAc, and the
rest 30 vol% was PEDOT:PSS or PEDOT:PSS with gold (2:1, 1:1,
and 1:2 ratios), as listed in Table 1. For the samples containing
SWCNT (Sample #: 1,6), many nanotubes in the sample with
20-vol% PEDOT:PSS were embedded (Figure 1A) whereas the
samples with 15- and 10-vol% PEDOT:PSS show more nanotubes
separated from the polymer (Figure 1B and 1C), presumably due
to less stabilizers. Gold nanoparticles were observed in the sample
with 20-vol% gold (Figure 1C). Two PVAc polymer with different
Tg (Vinnapas 401 and 600BP) were used, but we did not find any
noticeable differences in microstructures. The films made from
Vinnapas 600BP were more flexible than those made from
Vinnapas 401 at room temperature due to the higher Tg of
Vinnapas 401 than that of 600BP.
Figure 2A shows the electrical properties of Sample 1,6. The
electrical conductivity was increased when the gold content was
increased from 10 (Sample 1 and 4) to 15 vol% (Sample 2 and 5).
The highest electrical conductivity was measured to be
,66105 S/m with 15-vol% PEDOT:PSS, 15-vol% gold, and
60-vol% SWCNT. This value is orders of magnitude higher than
those of other nanotube-filled polymer composites [10,11] and
shows ,500% improvement compared to our previous work with
similar amounts of SWCNT and PH1000 (,96104 S/m) [14]. It
is likely that the electrical conductivity of gold is not the only
reason that we obtained such high electrical conductivity from the
composites. This is because the typical percolation threshold of
gold nanoparticles is ,30 vol% in polymer composites [18], which
is larger than the maximum gold concentration (20 vol%) in our
experiments. In other words, when the concentration of the
nanoparticles is lower than the percolation threshold, the mean
distance between the nanoparticles is too large to have connected
gold networks. For example, Devasdoss et al. showed that the
maximum electrical conductivity is 861028 S/m with a composite
containing gold nanoparticles (mole ratio of 4.9561022) and
metallopolymer [16]. Podhaecka et al. reported that the electrical
conductivity of a composite with gold nanoparticles (,10 vol%)
and poly(3-octylthiophene) is 1024 S/m [17]. A high gold
nanoparticle concentration, 40 vol% well above the percolation
threshold in poly-4-vinyl pyridine matrices resulted in only
,102 S/m [18]. Such lower electrical conductivities suggest the
high electrical conductivity from our samples is likely from p-type
doping on nanotubes by the nanoparticles.
Gold nanoparticles are easily precipitated by spontaneous
reduction [9,15,19] due to the larger reduction potential of gold
ions ([AuCl4]
2+3e2RAu(s)+4Cl2, standard electrode potential
(E0) = +0.93,1.002 V) [15,20–22] than those of nanotubes [15].
Figure 1. Cold-fractured cross sections of Sample 4 (A), Sample 5 (B), Sample 6 (C) (see Table 1). With increasing gold vol% and
decreasing PEDOT:PSS vol%, more CNTs were pulled out from the surface. The arrows indicate CNTs and gold nanoparticles. All scale bars indicate
1 mm.
doi:10.1371/journal.pone.0044977.g001
Table 1. List of the composites with all contents and their vol%.
Sample number CNT type CNT vol% PEDOT:PSS vol% Au vol% PVAc vol%
Drying time (hr) at
806C
401 600BP
1 HSWCNT 60 20 10 10 - 2
2 HSWCNT 60 15 15 10 - 2
3 HSWCNT 60 10 20 10 - 2
4 HSWCNT 60 20 10 - 10 6
5 HSWCNT 60 15 15 - 10 6
6 HSWCNT 60 10 20 - 10 6
7 MWCNT 60 30 - - 10 6
8 CSWCNT 60 30 - - 10 6
9 MWCNT 60 15 15 - 10 6
10 CSWCNT 60 15 15 - 10 6
Three different CNT type and two different PVAc were used with varying gold nanoparticle concentrations. The samples were synthesized by drying aqueous mixtures
at room temperature for 48 hrs and subsequently at 80uC for 2 or 6 hrs.
doi:10.1371/journal.pone.0044977.t001
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This causes nanotubes to donate electrons to gold, thereby
increasing hole carrier concentrations [23,24]. The work functions
of SWCNTs (4.5,5.0 eV) [25,26] and MWCNTs (4.3,4.95 eV)
[25,27] are also smaller than that of gold (5.1,5.47 eV [28,29]),
making electrons transferred from nanotubes to gold nanoparti-
cles. The electrical conductivity of the sample with 20-vol% gold
(sample 3 and 6) is lower than those of the samples containing 15-
vol% gold. The inferior conductivity with the higher gold
concentration also suggests that gold nanoparticles themselves
did not make percolated paths or significantly affect the electrical
conductivity of our composites. We believe this is due to the poor
nanotube dispersion caused by the small volume fraction of
PEDOT:PSS, which de-bundles and disperses carbon nanotubes
in water. When large carbon nanotube bundles are present in the
composites, the number of tube-tube junctions decreases, resulting
in electrically more resistive nanotube networks [14,30]. Further-
more, the composite contains more pores because large bundles
are not readily embedded in the polymer due to increased stiffness.
Two different annealing conditions (2 hrs and 6 hrs at 80uC)
were tested to identify any changes in electrical properties. The
longer annealing time made the sample mechanically stronger but
the electrical conductivities of the samples containing 10- or 15-
vol% gold are not strongly dependent on the drying condition.
When the gold concentration was increased to 20 vol% (S3 and
S6), the longer drying time resulted in a higher electrical
conductivity. Sample 3 was particularly weaker than Sample 6,
which may have affected the electrical conductivity. It should be
noted that the PVAc did not alter the electrical properties
significantly. Two different composites containing 60-wt%
SWCNT and 30-wt% PH1000 with 10-wt% PVAc showed
similar conductivities, ,96104 S/m for Vinnapas 401 and
,8.46104 S/m for Vinnapas BP600.
Figure 2B depicts thermopower values of Sample 1,6, which
were inversely proportional to the electrical conductivities. These
values are lower than those of the samples containing 60 wt%
SWCNT (30,40 mV/K) [14], but higher than that of gold
(1.94 mV/K at room temperature) [31]. This is another evidence
that gold nanoparticles were not percolated. Sample 2 has the
smallest thermopower value, which may be due to the highest
electrical conductivity and shorter annealing time (mechanically
weaker than Sample 5). We believe that the smaller thermopower
than those of similar composites without gold can be attributed to
doping.
Here, we analyzed that the influence of the gold doping on the
electrical conductivity of the nanotube networks. The electrical
conductivity of a composite with a high nanotube loading can be
analyzed with a parallel resistance model [14,19] and the variable
range hopping model [32,33]. The parallel resistance model
describes the electrical conductivity (sc) of a composite:
sc~wCNTsCNTzwPEDOTsPEDOTzwpolymerspolymer ð1Þ
where sCNT, sPEDOT, and spolymer are the electrical conductivity of
nanotube networks in the composite, PEDOT:PSS, and PVAc,
respectively. Also, W denotes the volume fraction of each material.
Here, spolymer<0 because the PVAc polymer is electrically
insulating (less than 100 S/m) whereas the value of sPEDOT was
directly measured with 100% of PEDOT:PSS film (,102 S/m,
without dimethyl sulfoxide (DMSO) doping). Note that the
electrical conductivity of PEDOT:PSS film doped with 5 wt% of
DMSO was reported as ,104 S/m [34–36]. In our experiments,
PEDOT:PSS was not doped with DMSO in order not to reduce
thermopower of PEDOT:PSS. The nanotubes in our composites
can be assumed to be three dimensional (3D) networks and the
electrical conductivity of nanotube mat, sCNT, can be described by
the 3D variable range hopping model [32,33].
sCNT (T)~so exp {
T1
T
 1=1zd" #
ð2Þ
so is a constant, which represents the saturated electrical
conductivity of nanotube networks when the temperature effect
on electron carriers is negligible at infinite temperature. T1 is
related to the energy barrier for electron hopping through tube-
tube junctions. T is temperature. When d=3, it represents bulk
conduction of pure carbon nanotube mats [33]. The major
difference between sCNT and so comes from tube-tube junctions.
sCNT is for CNT networks with polymers between nanotube
junctions whereas so is for pure tube-tube junctions without any
materials in between (intrinsic properties without considering the
junction effects). Therefore, it is possible to obtain the influence of
Figure 2. Electrical conductivity (A) and thermopower (B) of
Sample 1,6 (see Table 1). The vol% of HSWCNT and polymer
(Vinnapas 401 or BP600) was 60 and 10. The ratio of PEDOT:PSS to gold
was 2:1, 1:1, or 1:2.
doi:10.1371/journal.pone.0044977.g002
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the p-type doping on the electrical conductivity of the nanotube
networks by comparing so with (indicated by Au subscript) and
without (indicated by NoAu subscript) gold nanoparticles, as
shown in the following equations.
so,NoAu~sCNT ,NoAu exp {
T1
T
 1
4
" #{1
,
so,Au~sCNT ,Au exp {
T1
T
 1
4
" #{1 ð3Þ
The normalized factors can be obtained from so,Au/so,NoAu, and it
is possible to estimate the influence of the gold doping on electrical
conductivity. From Eq. (3), the normalized factor is;
so,Au
so,NoAu
~
sCNT ,Au
sCNT ,NoAu
ð4Þ
The normalized factor is independent of T1 or d. Here, the
electrical conductivity of nanotube networks, so,NoAu was referred
from the electrical conductivity of HSWCNT mats (,2.56105 S/
m at room temperature, highest conductivity from SWCNT mats,
to our best knowledge ) [37].
The composites with similar compositions in our previous work
[14] were analyzed to obtain T1 values as a function of nanotube
concentration at 300 K. Here, PEDOT:PSS were also used to de-
bundle and stabilize CNTs in water, making tube-tube junctions
similar to those of the composites in this study. The composites
Figure 3. (A) The energy barrier constant, T1 in Eq. (2) as a function of CNT vol% (red filled circles). (B) The normalized factor (so,Au/
so,NoAu) that indicates the effect of gold doping for CNT networks and electrical conductivity of gold-incorporated CNT networks (so,Au) for Sample
1,6. T1 was found from the electrical conductivities (sc) of similar composites (blue hollow squares) containing 60-wt% HSWCNT, 30-wt% PEDOT:PSS,
10-wt% PVAc from our previous work [14]. For so,Au and so,NoAu, tube-tube junction resistances in CNT networks were not considered.
doi:10.1371/journal.pone.0044977.g003
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contain 35,75 wt% SWCNTs with PEDOT:PSS and PVAc. The
carbon nanotube wt% was converted into vol% and plotted in
Figure 3A (hollow square) because the density of gold used in this
work is one order higher than the polymers and CNTs. The
conversion enables us to properly compare properties of the
composites containing the same CNT concentrations, as described
below. Then, the composite electrical conductivity (sc) in Eq. (1),
as shown in Figure 3A (filled circles), was used with sCNT in Eq. (2)
to find T1. Here, T1 at 60 vol% SWCNT concentration was
obtained to be 6.06 K from the linear interpolation of 54.6 vol%
(60 wt%) and 65.8 vol% (70 wt%). When we assume the tube–
tube junctions are similar after the gold nanoparticle incorpora-
tion, T1 values can be used for our composites in this study. Then,
we can estimate the electrical conductivity of the gold-decorated
nanotubes by using Eq. (1) and (2). In other words,
so,Au~
sc{sPEDOTwPEDOTð Þ
wCNT
exp {
T1
T
 1
4
" #{1
ð5Þ
Figure 3B depicts the normalized factor (left y axis), which
describes the electrical conductivity normalized by the values
without gold doping (so,Au/so,NoAu). The electrical conductivity of
the nanotube network with 15-vol% gold nanoparticles was
increased by a factor of ,4. However, the electrical conductivity
of the composite with 20 vol% of gold nanoparticles (Sample 3)
was decreased, presumably due to poor nanotube dispersions
caused by a lack of the dispersant (PEDOT:PSS) and the high
concentration of gold nanoparticles.
We also used different type nanotubes (MWCNT or CSWCNT)
to identify the influence of the nanotubes on the electrical
properties. Samples with 60-vol% CNT, 30-vol% PEDOT:PSS,
and 10-vol% polymer emulsion (Vinnapas 600BP) were prepared
without gold (Sample 7 and 8). With 15-vol% gold, PEDOT:PSS
was reduced to 15 vol% (Sample 9 and 10). We found that
MWCNT/CSWCNT-composites containing 15-vol% gold have
higher electrical conductivities, compared to the composites
containing 10 and 20-vol% gold. Sample 7 and 8 (without gold)
show relatively smooth and uniform cross sections, as shown in the
scanning electron micrographs of Figure 4A and 4B. More
nanotubes were pulled out from the polymer with CSWCNTs
(Figure 4B) than MWCNTs. This may be from inferior dispersions
(i.e., more aggregations) of MWCNTs compared to SWCNTs as
well as from shorter lengths of MWCNTs (1,12 mm) [38] than
SWNTs (5,30 mm) [39]. Additionally, the number of MWCNTs
is less than that of SWCNTs due to the higher density of
MWCNTs. With 15-vol% gold, relatively large gold particles were
observed (Figure 4C and 4D). From the energy dispersive X-ray
Spectroscopy analysis, it was confirmed that the particles are
comprised of gold.
The electrical conductivities of the composites containing three
different types of nanotubes were compared in Figure 5A. The
composite with MWCNT shows ,46103 S/m, which is inferior
to that of the HSWCNT sample (,26104 S/m). In CNT
networks, the electrical conductivity is often governed by tube-
tube junctions [30]. When MWCNTs are used, the number of the
junctions is small compared to those of SWCNT networks,
diminishing electrons transport across the junctions. The large
diameter of MWCNTs causes much smaller surface areas than
SWCNTs. Moreover, the aggregation of MWCNTs can also be
attributed to the inferior conductivity of the MWCNT sample.
After replacing 15-vol% PEDOT:PSS with 15-vol% gold in these
composites, the electrical conductivities were dramatically in-
creased to ,76104 and ,96104 S/m for the MWCNT/gold and
CSWCNT/gold samples, respectively. Nevertheless, these values
are still lower than that of the HSWCNT/gold sample. It has been
reported that the intrinsic electrical conductivity of HSWCNT is
higher than that of CSWCNT (approximately one order
difference) [40], generally due to the higher concentration of
metallic nanotubes in HSWCNT [40]. In addition, the presence of
Figure 4. Cold-fractured cross sections of Sample 7 (A), Sample 8 (B), Sample 9 (C), and Sample 10 (D) (see Table 1). Long CSWCNTs
were pulled out from the polymer whereas short MWCNTs were aggregated together in (A) and (B). Relatively rough surfaces with aggregated gold
particles were observed in (C) and (D). All scale bars indicate 1 mm.
doi:10.1371/journal.pone.0044977.g004
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more defects such as carbonaceous particles on the surface of the
CSWCNT compared to HSWCNT may cause an increase in the
contact resistance between nanotubes [41]. The large difference in
the electrical conductivities of the composites with CSWCNT and
HSWCNT also shows that CNT networks are the electron paths
rather than gold nanoparticles. Note that the electrical conduc-
tivity of bulk gold (,46107 S/m at 300 K) [42] is at least two-
order higher than that of our composites containing CSWCNT
and 15-vol% gold. The thermopower values of the composites
with gold nanoparticles were measured to be less than a half of
those without gold, due to the large improvement in electrical
conductivity by p-doping of CNT (Figure 5B).
Conclusion
Polymer composites containing SWCNTs grown by a HipCo or
CVD process or MWCNTs with PEDOT:PSS and PVAc. The
vol% of CNT and PVAc was 60 and 10, respectively. The
concentration of gold nanoparticles was 0, 10, 15, and 20 vol%,
and the rest was occupied by PEDOT:PSS. Their electrical
conductivities and thermopower values were measured for the
composites without and with gold nanoparticles for doping CNTs.
With the doping, the electrical conductivity of the composites was
dramatically increased to ,66105 S/m by replacing 15-vol%
PEDOT:PSS with gold nanoparticles. This electrical conductivity
is orders of magnitude higher than those of other polymer
composites containing CNTs and gold particles. Furthermore, the
conductivity is ,500% higher than those of similar composites
without gold nanoparticles. We believe this is due to p-type doping
caused by gold nanoparticles when they are precipitated on CNTs.
A variable range hopping model with a parallel resistance model
was employed to identify the change in the electrical conductivity
of CNT networks in the composites. We also observed that the
composites containing 20-vol% gold nanoparticles decreased the
electrical conductivity due to the inferior CNT dispersions. This
result indicates CNT dispersion with a proper amount of CNT
dispersants is crucial to maximize electrical conductivity. Addi-
tionally, three different CNTs resulted in dissimilar electrical
properties for the composites, showing that the intrinsic properties
of the CNTs and dispersion are important factors. This study
demonstrates nanoparticles can be used for doping CNTs to
manipulate the electrical properties of CNT-filled polymer
composites.
Materials and Methods
We used three different-type CNTs: SWCNTs synthesized by a
high pressure carbon monoxide (HipCo) process (HSWCNT) [43]
and a chemical vapor deposition (CVD) method (CSWCNT) [39]
as well as multi-wall carbon nanotubes (MWCNT) by a CVD
method [38]. CNTs were added to deionized water (,20 ml), and
the solution was sonicated with an ultrasonic homogenizer
(Microson XL2000, Misonix, Inc.) for 30 minutes with 50 W
power. A gold ion solution was separately prepared by adding
chloroauric acid (HAuCl4, Alfa Aesar, 99.9%) to deionized water
(1,2 ml), and then poured into the CNT solution, followed by
30 min sonication. Subsequently, an aqueous poly (3, 4-ethylene-
dioxythiophene) poly (styrenesulfonate) (PEDOT:PSS, Clevios
PH1000, H. C. Starck) solution was added to the mixture,
followed by 15 min sonication. PEDOT:PSS plays a role in de-
bundling and dispersing CNTs in water. Finally, poly (vinyl
acetate) (PVAc) emulsions were added to the mixture, followed by
another 15 min sonication. Two different PVAc emulsions,
Vinnapas 401 and 600BP (Wacker chemical, Co.) were used.
They have different glass transition temperatures (Tg): 215 and
240uC for Vinnapas 401 and 600BP, respectively. The polymer
particles in the emulsion vary in size from 0.14,3.5 mm in
diameter with an average diameter of ,650 nm. The total weight
including water is typically 25 g. The aqueous mixture was then
poured into a 26 cm2 plastic container and dried for 48 hrs under
an ambient condition in a fume hood. During the drying process,
the plastic container was placed on a rotating turntable (3 rpm).
Sidewalls were made on the turntable in order to avoid non-
uniformity of the solid contents due to air flow in the fume hood.
The solid composite was then baked in a vacuum oven at 80uC for
2 or 6 hrs. The baking process helps making strong binding
between nanotubes and polymers as well as removing micro voids
in the composite. Finally, fully dried composites were placed in a
Figure 5. Electrical conductivity (A) and thermopower (B) of
Sample 7,10 along with those of Sample 5 and a sample in Ref.
14 for comparison. The sample in Ref. 14 contains 60-wt% (54.6 vol%)
HSWCNT, 30-wt% (35.5 vol%) PEDOT:PSS, and 10-wt% (9.9 vol%) PVAc.
HSWCNT show higher conductivities than the MWCNT- and CSWCNT-
filled composites, even after gold nanoparticles were incorporated.
doi:10.1371/journal.pone.0044977.g005
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vacuum desiccator for 24 hs in order to completely remove
residual water from the composite. The thickness of the composite
ranged from 27 to 40 mm.
Table 1 shows a list of samples and vol% of the materials in the
composite. The actual weights of the materials are the following.
For the samples containing SWCNTs with 10-, 15-, and 20-vol%
gold, the weights of HAuCl4 respectively were 0.1094 g, 0.1263 g,
and 0.1368 g; the weights of CNT respectively were 0.0256 g,
0.0197 g, and 0.0160 g; the weights of PH1000 respectively were
0.4648 g, 0.2682 g, and 0.1453 g; the weights of PVAc respec-
tively were 0.0071 g, 0.0055 g, and 0.0044 g. The solid contents
of the aqueous PH1000 [44] and PVAc [12] solutions respectively
were 1.5 and 55.16 wt%. The densities of gold [42], SWCNT
[45], PH1000 [44], PVAc [12] used for calculating vol%
respectively were 19.3, 1.3, 1.06, and 1.19 g/cm3. The density
of MWCNT is 2 g/cm3 [46], which is different from that of
SWCNT. Due to the difference, the contents of the samples
containing MWCNT were not the same as those of SWCNT
samples. For the sample 9, the weights of MWCNT, HAuCl4,
PH1000, and PVAc were 0.0274 g, 0.1141 g, 0.2424 g, and
0.0049 g, respectively. The samples without gold were also
prepared with SWCNT and MWCNT. In sample 8, 0.0641 g of
CNT, 1.7420 g of PH1000, and 0.0177 g of PVAc were mixed,
whereas 0.0733 g of MWCNT, 1.2951 g of PH1000, and
0.0132 g of PVAc were used in sample 7.
Electrical conductivity was obtained by a four-point probe
method (current-voltage sweeping) and thermopower was acquired
by measuring temperature differences and voltages across the
samples at room temperature. Details can be found from our
previous work [14]. The error bars were obtained from 2–4
measurements and uncertainties associated with dimensions
(length, width, and thickness of the samples) and thermocouple
reading. Errors were calculated with error propagation methods
[1]. For electron microscopy analysis, the composites were cold-
fractured by submerging the composites in liquid nitrogen for
5 min, and then the cross section of the composites was inspected.
Author Contributions
Conceived and designed the experiments: CY KC. Performed the
experiments: KC CY. Analyzed the data: KC CY. Contributed
reagents/materials/analysis tools: KC CY. Wrote the paper: CY KC.
References
1. Tans SJ, Verschueren ARM, Dekker C (1998) Room-temperature transistor
based on a single carbon nanotube. Nature 393: 49–52.
2. Derycke V, Martel R, Appenzeller J, Avouris P (2001) Carbon nanotube inter-
and intramolecular logic gates. Nano Lett 1: 453–456.
3. Liu XM, Romero HE, Gutierrez HR, Adu K, Eklund PC (2008) Transparent
boron-doped carbon nanotube films. Nano Lett 8: 2613–2619.
4. Hellstrom SL, Lee HW, Bao ZN (2009) Polymer-assisted direct deposition of
uniform carbon nanotube bundle networks for high performance transparent
electrodes. ACS Nano 3: 1423–1430.
5. Li J, Papadopoulos C, Xu JM, Moskovits M (1999) Highly-ordered carbon
nanotube arrays for electronics applications. Appl Phys Lett 75: 367–369.
6. Lee NS, Chung DS, Han IT, Kang JH, Choi YS, et al. (2001) Application of
carbon nanotubes to field emission displays. Diam Relat Mat 10: 265–270.
7. Kymakis E, Alexandrou I, Amaratunga GAJ (2003) High open-circuit voltage
photovoltaic devices from carbon-nanotube-polymer composites. J Appl Phys
93: 1764–1768.
8. Kongkanand A, Dominguez RM, Kamat PV (2007) Single wall carbon
nanotube scaffolds for photoelectrochemical solar cells. Capture and transport of
photogenerated electrons. Nano Lett 7: 676–680.
9. Ryu Y, Yu C (2011) The influence of incorporating organic molecules or
inorganic nanoparticles on the optical and electrical properties of carbon
nanotube films. Solid State Commun 151: 1932–1935.
10. Meng CZ, Liu CH, Fan SS (2010) A promising approach to enhanced
thermoelectric properties using carbon nanotube networks. Adv Mater 22: 535–
539.
11. Yao Q, Chen LD, Zhang WQ, Liufu SC, Chen XH (2010) Enhanced
thermoelectric performance of single-walled carbon nanotubes/polyaniline
hybrid nanocomposites. ACS Nano 4: 2445–2451.
12. Yu C, Kim YS, Kim D, Grunlan JC (2008) Thermoelectric behavior of
segregated-network polymer nanocomposites. Nano Lett 8: 4428–4432.
13. Kim D, Kim Y, Choi K, Grunlan JC, Yu C (2010) Improved thermoelectric
behavior of nanotube-filled polymer composites with poly(3,4-ethylenediox-
ythiophene) poly(styrenesulfonate). ACS Nano 4: 513–523.
14. Yu C, Choi K, Yin L, Grunlan JC (2011) Light-weight flexible carbon nanotube
based organic composites with large thermoelectric power factors. ACS Nano 5:
7885–7892.
15. Yu C, Ryu Y, Yin L, Yang H (2011) Modulating electronic transport properties
of carbon nanotubes yo improve the thermoelectric power factor via
nanoparticle decoration. ACS Nano 5: 1297–1303.
16. Devadoss A, Dickinson C, Keyes TE, Forster RJ (2011) Electrochemilumines-
cent metallopolymer-nanoparticle composites: Nanoparticle size effects. Anal
Chem 83: 2383–2387.
17. Podhajecka K, Dammer O, Pfleger J (2008) Electrical conductivity of poly(3-
octylthiophene)/Au nanocomposites. Macromol Symp 268: 72–76.
18. Forster RJ, Keane L (2003) Nanoparticle-metallopolymer assemblies: charge
percolation and redox properties. J Electroanal Chem 554: 345–354.
19. Ryu Y, Freeman D, Yu C (2011) High electrical conductivity and n-type
thermopower from double-/single-wall carbon nanotubes by manipulating
charge interactions between nanotubes and organic/inorganic nanomaterials.
Carbon 49: 4745–4751.
20. http://en.wikipedia.org/wiki/Standard_electrode_potential_(data_page).
Accessed 2012 Aug 20.
21. Choi HC, Shim M, Bangsaruntip S, Dai HJ (2002) Spontaneous reduction of
metal ions on the sidewalls of carbon nanotubes. J Am Chem Soc 124: 9058–
9059.
22. Kong BS, Geng JX, Jung HT (2009) Layer-by-layer assembly of graphene and
gold nanoparticles by vacuum filtration and spontaneous reduction of gold ions.
Chem Commun: 2174–2176.
23. Kong BS, Jung DH, Oh SK, Han CS, Jung HT (2007) Single-walled carbon
nanotube gold nanohybrids: Application in highly effective transparent and
conductive films. J Phys Chem C 111: 8377–8382.
24. Yang SB, Kong BS, Kim DW, Baek YK, Jung HT (2010) Effect of Au doping
and defects on the conductivity of single-walled carbon nanotube transparent
conducting network films. J Phys Chem C 114: 9296–9300.
25. Shiraishi M, Ata M (2001) Work function of carbon nanotubes. Carbon 39:
1913–1917.
26. Sun JP, Zhang ZX, Hou SM, Zhang GM, Gu ZN, et al. (2002) Work function of
single-walled carbon nanotubes determined by field emission microscopy. Appl
Phys A-Mater Sci Process 75: 479–483.
27. Ago H, Kugler T, Cacialli F, Salaneck WR, Shaffer MSP, et al. (1999) Work
functions and surface functional groups of multiwall carbon nanotubes. J Phys
Chem B 103: 8116–8121.
28. Riviere JC (1966) The work function of gold. Appl Phys Lett 8: 172–173.
29. Sachtler WM, Dorgelo GJH, Holscher AA (1966) The work function of gold.
Surf Sci 5: 221–229.
30. Ryu Y, Yin L, Yu C (2012) Dramatic electrical conductivity improvement of
carbon nanotube networks by de-bundling and hole-doping with chlorosulfonic
acid. J Mater Chem 22: 6959–6964.
31. Rowe DM (1995) CRC Handbook of Thermoelectrics. Boca Raton, Florida:
CRC Press.
32. Kymakis E, Amaratunga GAJ (2006) Electrical properties of single-wall carbon
nanotube-polymer composite films. J Appl Phys 99: 084302–084307.
33. Carroll DL, Czerw R, Webster S (2005) Polymer-nanotube composites for
transparent, conducting thin films. Synth Met 155: 694–697.
34. Zhang B, Sun J, Katz HE, Fang F, Opila RL (2010) Promising thermoelectric
properties of commercial PEDOT:PSS materials and their Bi(2)Te(3) powder
composites. ACS Appl Mater Interfaces 2: 3170–3178.
35. Reyes-Reyes M, Cruz-Cruz I, Lopez-Sandoval R (2010) Enhancement of the
electrical conductivity in PEDOT:PSS films by the addition of dimethyl sulfate.
J Phys Chem C 114: 20220–20224.
36. Kim JY, Jung JH, Lee DE, Joo J (2002) Enhancement of electrical conductivity
of poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate) by a change of
solvents. Synth Met 126: 311–316.
37. Hecht DS, Heintz AM, Lee R, Hu LB, Moore B, et al. (2011) High conductivity
transparent carbon nanotube films deposited from superacid. Nanotechnology
22: 075201–075205.
38. http://www.cheaptubesinc.com/MWNTs.htm. Accessed 2012 Aug 20.
39. http://www.cheaptubesinc.com/swnts.htm. Accessed 2012 Aug 20.
40. Geng HZ, Kim KK, Lee K, Kim GY, Choi HK, et al. (2007) Dependence of
material quality on performance of flexible transparent conducting films with
single-walled carbon nanotubes. Nano 2: 157–167.
41. Dai HJ, Wong EW, Lieber CM (1996) Probing electrical transport in
nanomaterials: Conductivity of individual carbon nanotubes. Science 272:
523–526.
42. http://en.wikipedia.org/wiki/Gold. Accessed 2012 Aug 20.
Nanoparticle-Doped Nanotube-Filled Composites
PLOS ONE | www.plosone.org 7 September 2012 | Volume 7 | Issue 9 | e44977
43. http://www.unidym.com/files/Unidym_Product_Sheet_SWNT021810RevB.
pdf. Accessed 2012 Aug 20.
44. Hu XJ, Jiang LN, Goodson KE (2004) Thermal conductance enhancement of
particle-filled thermal interface materials using carbon nanotube inclusions.
Itherm 1: 63–69.
45. Collins PG, Avouris P (2000) Nanotubes for electronics. Sci Am 283: 62–69.
46. Park W, Choi K, Lafdi K, Yu C (2012) Influence of Nanomaterials in Polymer
Composites on Thermal Conductivity. J Heat Trans-T ASME 134: 041302.
Nanoparticle-Doped Nanotube-Filled Composites
PLOS ONE | www.plosone.org 8 September 2012 | Volume 7 | Issue 9 | e44977
